Introduction
Many peptides target various DNA or RNA sequences, controlling a large number of processes in life (Silverman 2004) . Among these naturally occurring or synthetic small peptides, many include condensed aryl moiety interacting with DNA/RNA (e.g., intercalator or groove binder), essential for biological activity (Matić et al. 2016) . Often, aryl-fluorophores are attached to amino acids as fluorescent labels, allowing a huge variety of applications in bioimaging: for instance, molecular beacon systems with acid equipped with "fluorescent beacon" unit in off-state, which will light on exclusively upon binding to the DNA/ RNA target. Moreover, this amino acid has the N-terminus directly available for peptide coupling, while the C-terminus can easily be activated by standard deprotection. Such fluorescent amino acids could be in future applications easily incorporated at any position in the peptide (Scheme 1).
The difference between two close analogs is only one -CH 2 group in the linker connecting fluorophore with an amino acid. Novel compounds were tested against various ds-DNA and ds-RNA by a set of commonly applied methods and even at monomer level demonstrated surprisingly complex fluorimetric selectivity.
Materials and methods

Synthetic procedure
The conventional methods for synthesis of asymmetric monomethine cyanine dyes starting from 2-methylmercaptobenzoxa-(or -thia)-zolium salts (Deligeorgiev et al. 1998; Hamer 1964; Deligeorgiev et al. 2006 ) have several disadvantages: evolution of highly toxic methyl mercaptan and possible position exchange of the alkyl groups at sulfur and nitrogen in the quaternized 2-alkylmercapto starting materials. To avoid the aforementioned disadvantages, we used an improved procedure of the recently described method (Japan Kokai Tokkyo 2004 , 2006 . Along with avoiding the emission of a strong pollutant, this synthetic approach offers another advantage that provoked our interest: the possibility of generating mercapto end groups in the formed cyanine dyes, which can be additionally modified as described by Ishiguro et al. (1996) .
Here we applied the aforementioned approach to prepare fluorescent amino acid, whereby we introduced several novelties. The most important general advantage is that the method is one-pot tandem synthesis consisting of three consecutive reactions (Scheme 2). Namely, leaving group (S − at 1a or 1b) from the first reaction acts as a nucleophile in the next step, attacking at the side chain of 3. At this point, the elimination of HI acidifies the reaction medium and initiates the in situ Boc-amino group deprotection (Houben-Weyl 2004) , thus yielding product (4a,b) with free amino group, conveniently ready for further peptide coupling or in this work ensuring by protonation of the additional positive charge in aqueous solution. Also advantageous is a very simple workup of the crude product (which has a yield over 90%), whereby recrystallization from ether/methanol mixture gives a pure compound.
This one-pot procedure enables direct coupling on the free amino group with standard coupling reagents, while coupling on the C-terminus requires additional reactions (introducing protecting group such as Fmoc on amino group and then removing methyl ester to generate free carboxy terminus as proposed by Pascal and Sola (1998) suitable for Fmoc-SPPS.
Starting materials 1a and 1b were prepared by previously described procedures (Deligeorgiev et al. 2006) . Intermediate 2 was prepared by mixing 1 equation of Scheme 1 Two novel amino acids with a fluorophore TO attached to the side chain: 4a (n = 1) and 4b (n = 2). Scheme visualizes their future potential applications in incorporation at various positions within the peptide Scheme 2 One-pot tandem synthesis procedure of 4a and 4b. Note immediately available N-terminus for peptide bond formation lepidine and 1.2 equation of MeI; and amino acid 3 was prepared as described previously (Trost and Rudd 2003) . 1a or 1b (0.5 mmol), 2 (0.5 mmol) and 3 (1 mmol) were dissolved in 5 mL of methanol. Then, 0.5 mmol of DIPEA was added and the reaction mixture was stirred overnight at room temperature. The final products were filtered off and washed with ether (conversion on crude product estimated about 90%) and recrystallization from methanol gave a pure product of 4a and 4b as a red solid of 80% yield.
NMR spectra were recorded on 600 and 300 MHz spectrometers, operating at 150. 92 or 75.47 MHz for 13C and 600.13 or 300.13 MHz for the 1H nuclei. TMS was used as an internal standard. HRMS analysis was performed on MALDI-TOF mass spectrometer operating in reflectron mode. Mass spectra were acquired by accumulating three spectra after 400 laser shots per spectrum. Calibrant and analyte spectra were obtained in positive ion mode. Calibration type was internal with calibrants produced by matrix ionization (monomeric, dimeric and trimeric CHCA), with azithromycin and angiotensin II dissolved in α-cyano-4-hydroxycinnamic acid matrix in the mass range m/z 190.0499 to 749.5157 or 1046.5417. Accurately measured spectra were internally calibrated and elemental analysis was performed on Data Explorer v. 4.9 Software with mass accuracy better than 5 ppm. The samples were prepared by mixing 1 μL of analyte methanol solution with 5 μL of saturated (10 mg/mL) solution of α-cyano-4-hydroxycinnamic acid (α-CHCA) and internal calibrants (0.1 mg/mL) dissolved in 50% acetonitrile/0.1% TFA. 4E)-1-methyl-1,4-dihydroquinolin-4-ylidene] methyl}-1,3-benzothiazol-3-ium iodide (4a) 
3-(2-{[(2R)-2-amino-3-methoxy-3-oxopropyl]sulfanyl} ethyl)-2-{[(
3-(2-{[(2R)-2-amino-3-methoxy-3-oxopropyl]sulfanyl} propyl)-2-{[(4E)-1-methyl-1,4-dihydroquinolin-4-ylidene] methyl}-1,3-benzothiazol-3-ium iodide (4b)
Interactions of 4a and 4b with DNA and RNA
All measurements were performed in aqueous buffer solution (pH = 7.0, I = 0.05 M, sodium cacodylate/HCl buffer). The UV-Vis spectra were recorded on a Varian Cary 100 Bio spectrometer and fluorescence spectra were recorded on Varian Cary Eclipse fluorimeter in quartz cuvettes (1 cm). Under the experimental conditions used (0.1-1 × 10 −6 M), the absorbance intensities of 4a, 4b were proportional to their concentrations (Fig. S1 ). Polynucleotides were purchased as noted: poly dGdC-poly dGdC, poly dAdT-poly dAdT, poly A-poly U, (Sigma), calf thymus (ct)-DNA (Aldrich) and dissolved in sodium cacodylate buffer, I = 0.05 M, pH = 7.0. The ct-DNA was additionally sonicated and filtered through a 0.45 mm filter (Chaires et al. 1982) . Polynucleotide concentration was determined spectroscopically (Malojčić et al. 2005) as the concentration of phosphates. In fluorimetric experiments, excitation wavelengths at λ max = 501 nm were used to avoid absorption of excitation light by added polynucleotides. Fluorimetric titrations were performed by adding portions of polynucleotide solution into the solution of the studied compound (c = 5 × 10 −7 M). After mixing polynucleotides with the studied compounds, it was observed in all cases that the equilibrium was reached in less than 120 s. Fluorescence spectra were collected at excess of DNA/RNA r < 0.1 [r = (compound)/(polynucleotide)] to assure one dominant binding mode. Data processed by the non-linear fitting procedure to Scatchard equation (Scatchard 1949 , McGhee 1974 Relative fluorescence quantum yields (Q) were determined by the standard procedure (Miller 1981; Gore 2000) . All samples were purged with argon to displace oxygen, and emission spectra were recorded in the range from 500 to 600 nm and corrected for the effects of time-and wavelength-dependent light source fluctuations by use of a rhodamine 101 standard, a diffuser and the software provided with the instrument. As the standard, we used rhodamine 6G (Fluka, Buchs, Switzerland) with published fluorescence quantum yield Q = 0.95 (Kubin and Fletcher 1982) . The rhodamine 6G concentration (c = 3.4 × 10 ) and their complexes with polynucleotides had an optical absorbance below 0.05 at the excitation wavelength (λ exc = 499 nm).
CD spectra were recorded on JASCO J815 spectrophotometer at room temperature using appropriate 1 cm path quartz cuvettes with a scanning speed of 200 nm min −1 . The buffer background was subtracted from each spectrum, while each spectrum was the result of three accumulations. CD experiments were performed by adding portions of compound stock solution into the solution of the polynucleotide (c = 2 × 10 −5 M). Thermal melting experiments were performed on a Varian Cary 100Bio spectrometer in quartz cuvettes (1 cm). The measurements were done in aqueous buffer solution at pH 7.0 (sodium cacodylate buffer I = 0.05 M). Thermal melting curves for ds-DNA, ds-RNA and their complexes with 4a, 4b were determined by following the absorption change at 260 nm as a function of temperature (Mergny and Lacroix 2003) . T m values are the midpoints of the transition curves determined from the maximum of the first derivative and checked graphically by the tangent method. The ΔT m values were calculated subtracting T m of the free nucleic acid from T m of the complex. Every ΔT m value here reported was the average of at least two measurements. The error in ΔT m is ±0.5 °C. High thermal melting of the poly dGdC-poly dGdC (ΔT m value >100 °C) did not allow accurate determination of melting profile, nor study of compound impact on thermal stability of poly dGdC-poly dGdC.
Results
Novel compounds were well soluble in aqueous solutions. Their UV/Vis spectra differed in the shape (ESI Fig. S2 ), 4a with a shorter linker having a maximum at 501 nm and 4b with a longer linker at 473 nm. Detailed analysis of concentration dependence of UV/Vis spectra (ESI, Fig. S1 , Table S1) revealed that the absorption properties of 4a were proportional to its concentration, while the UV/Vis spectrum of 4b exhibited pronounced changes: at 0.1 µM concentrations ratio between 473 and 501 maximum was almost 1:1, but the ratio strongly increased with concentration (ESI Figure S3) . Moreover, only UV/Vis spectrum of 4b significantly changed with temperature increase (ESI, Figure S4 .), with the ratio between 473 and 501 nm decreasing. The observed results support self-aggregation of 4b at µM concentration range, while 4a in the same conditions is dominantly in monomeric form, most likely due to the shorter linker. The absorption maximum of 4b monomeric form seems to have a maximum at 501 nm, while the aggregated form apparently absorbs at 473 nm, resulting in significant hypsochromic shift (−30 nm). Such aggregation-induced shift to shorter wavelengths was originally observed also for the TO-dye (Nygren et al. 1998) , and in accordance with similar changes observed for merocyanine dyes suggests the formation of H-type aggregate (ESI Figs. S2-4) (Rosch et al. 2006) . Both compounds at µM concentrations exhibited negligible fluorescence emission.
The addition of 4a and 4b stabilized moderately all ds-polynucleotides with the only exception of the 4b/ pApU complex, latter showing negligible thermal destabilization effect (Table 1 , ESI Figs S5-10). Mostly, stabilization effects were non-linearly dependent on ratio r, suggesting that saturation of dominant binding sites was accomplished about r = 0.2 (Mergny and Lacroix 2003; Wilson et al. 1993 ). However, the stabilization effect for the most polynucleotides did not stop at r = 0.2, but further increased at r > 0.2 due to the secondary binding modes of aggregated dyes at excess of dye over DNA (r > 0.2, see CD results Fig. 2) , which still contribute to double helix stability. Slightly stronger stabilization effect is observed for p(dAdT) 2 compared to mixed sequence ctDNA (48% of GC-base pairs), which indicated that stabilization was base pair dependent. The UV/Vis spectra of new dyes revealed strong hypochromic and moderate bathochromic effect upon titration with ds-DNA and ds-RNA. Detailed analysis of titration data was hampered by aggregation of 4b, since it was not possible to distinguish the effects of the aggregationdisaggregation equilibrium from the dye monomer binding to DNA and eventually formation of dye aggregate within the DNA/RNA [often reported for cyanine dyes (Crnolatac et al. 2016; Crnolatac et al. 2013; Tumir et al. 2012) ]. Fortuitously, intrinsically non-fluorescent 4a, 4b upon titration with polynucleotides revealed strong emission (Fig. 1) , which allowed experiments to be done at much lower concentrations, at which aggregation of dyes could be neglected. Moreover, aggregates are non-fluorescent and thus the fluorescence emission could be attributed to single dye molecules bound to DNA/RNA via well-established mechanism for cyanine dyes (Armitage 2005) .
Strong emission increase allowed accurate determination of binding constants and binding ratios n[bound dye]/ [polynucleotide] ( Table 2 ). The affinity of 4a, 4b toward all studied ds-DNA and RNA were within micromolar range, pointing out toward a similar set of dominant binding interactions. At variance to non-selective affinity (log K s ), the fluorescence of 4a, 4b was strongly dependent on the polynucleotide structure.
4a showed for AU-RNA sevenfold stronger emission intensity in comparison to AT-DNA (Fig. 1) , while fluorescence increase of 4b was only fivefold higher for AU-RNA than with AT-DNA ( Table 2 ). All aforementioned differences in interactions with DNA/RNA strongly stress not only the impact of amino acid attached to the N3-position of thiazole, but also the influence of the linker length.
To study in more structural detail, binding of 4a, 4b to DNA/RNA we used CD spectropolarimetry, a highly informative method for the study of conformational changes in the secondary structure of DNA/RNA (Rodger and Norden 1997) . In addition, small molecules can eventually acquire induced CD spectrum (ICD) upon binding to polynucleotides, which could give useful information about the modes of interaction (Eriksson and Nordén 2001) . Although 4a, 4b possess intrinsic CD spectra (ESI Fig S11) , their intensity under biologically relevant conditions used is negligible. Addition of 4a and 4b to all polynucleotides yielded significant changes in the CD spectra of polynucleotides (λ < 300 nm) as well as the appearance of strong induced CD spectra (ICD) at λ = 400-600 nm (Fig. 2, ESI Figs S12-13) . At DNA/RNA over dye excess (r < 0.05), 4a, 4b bind as single molecules into dominant binding sites of DNA or RNA, showing in the dye ICD region (λ = 400-600 nm) single, and very weak ICD bands, characteristic for intercalative binding mode (Rodger and Norden 1997) .
However, at higher ratios (r > 0.1) in the λ = 400-600 nm region, strong bisignate ICD patterns appeared, typical for dye aggregate (Wilson et al. 1993) , whereby isoelliptic points observed for most titrations ( Fig. 2 ; ESI Figs. S12, 13) support formation of one dominant type of complex. The shape and sign of bisignate exciton couplets for DNA and RNA are similar (negative/ positive), but intriguingly sets for DNA are significantly bathochromically shifted with respect to RNA. Moreover, only 4b showed additional negative ICD band for RNA at 540 nm, which matches the positive band of the 4b/DNA complex. (Fig. 1) , at pH = 7.0, Na cacodylate buffer, I = 0.05 M a Processing of titration data by non-linear fitting procedure to Scatchard equation (Scatchard 1949 , McGhee 1974 The observed results show that 4a and 4b form aggregates in DNA or RNA grooves, whereby organization of aggregate is very sensitive to the binding site environment, which is reported by significant differences in bisignate exciton couplet ICD patterns. According to previous results (Tumir et al. 2012 ) cyanine-dimers nicely fit within the AT-AT DNA groove (giving typical ICD pattern), while RNA major groove with similar width as AT-DNA but much larger depth gives a different frame for dye aggregation, resulting in blueshifted ICD bands. The derivative with a longer linker (4b) has less motional freedom within the RNA major groove and thus exhibits additional ICD band at 540 nm.
Conclusions
Novel cyanine-amino acid conjugates 4a, 4b were synthesized in eco-friendly and simple one-pot reaction. The main advantage of the novel methodology is preparation of amino acid equipped with "fluorescent beacon" unit in off-state, which exhibits strong emission exclusively upon binding to the DNA/RNA target. Moreover, this amino acid has the N-terminus directly available for peptide coupling, while the C-terminus can easily be activated by standard deprotection.
Although the difference between 4a and 4b is only one CH 2 group of the linker, their aqueous solutions significantly differ in aggregation properties: longer 4b at 20-micromolar concentrations being significantly aggregated, while shorter 4a mostly present in the monomeric form. Already as mono-amino-acid-dye synthons, 4a, 4b revealed bio-applicable binding affinity toward DNA/ RNA and even more important the selective spectrophotometric recognition between DNA and RNA. Compounds 4a, 4b bind to DNA and RNA at r[compound]/ [polynucleotide] < 0.05 as intercalators, and additionally at the dye over DNA/RNA excess (r > 0.1) 4a, 4b form aggregates within the DNA/RNA grooves.
Both compounds at submicromolar concentrations exhibit selective response between ds-DNA and ds-RNA by two methods: fluorescence and CD spectrophotometry. Although 4a, 4b are structurally very similar (difference is one CH 2 group in dye-amino acid linker), the selectivity is quite different: the shorter 4a showed much stronger fluorescence differentiation between AU-RNA and AT-DNA than it was shown by longer 4b, and only 4b (not 4a) revealed for ds-RNA additional ICD band at 540 nm. These results show that linker length between an amino acid and dye finely tuned interactions with DNA/ RNA and thus strongly support future studies of oligopeptides with variously incorporated 4a, 4b.
Thus, the presented results demonstrate that novel amino acid-dye conjugates 4a, 4b are able to accurately differentiate between ds-DNA and ds-RNA by two highly sensitive methods. That strongly encourages further development of peptides (Scheme 1) in which 4a, 4b would be incorporated into any position of short peptides that is an advantage with respect to current approaches, which usually attach commercial cyanine dye only at the free amino or carboxyl groups of the peptide. One approach would be to insert single dye into various positions of peptide targeting, particularly DNA or RNA sequence/type to see which combination gives the best response/recognition/stabilization of the target. Even more promising is the systematic study of peptides incorporating two or more amino acid-dye units at various mutual distances, allowing preorganization of dyechromophores prior to or after the DNA/RNA binding, similar to that noted for sensing G-quadruplex formation (Meguellati et al. 2010) .
